In the solvent free oxidation of benzyl alcohol, using supported gold-palladium nanoalloys, toluene is often one of major by-products and it is formed by the disproportionation of benzyl alcohol.
Introduction
Supported bimetallic catalysts have received considerable attention because of their enhanced catalytic activities compared to their monometallic analogues, due to a synergistic effect that has been observed between the two metals.
1,2 They have been reported as efficient catalysts with superior selectivity and/or stability for a variety of reactions including selective oxidation, [2] [3] [4] [5] hydrogenation/hydrogenolysis, 6-8 direct synthesis of hydrogen peroxide 9, 10 and many more. 1, 11 Selective oxidation of benzyl alcohol to benzaldehyde is one of the most studied reactions because of the potential applications of benzaldehyde as an intermediate in the production of fine chemicals and fragrances. [12] [13] [14] [15] Achieving high selectivity to benzaldehyde has been a long term objective for this reaction. Designing catalysts to achieve high selectivity needs detailed knowledge about the origin and mechanism of the formation of by-products. Recently, we reported that 1% AuPd/TiO 2 , prepared by a sol immobilization method, is a catalyst for the solvent-free aerobic oxidation of benzyl alcohol. 16 In a typical reaction, besides benzaldehyde, toluene, benzoic acid and benzyl benzoate are also formed, 2PhCH 2 OH -PhCHO + PhCH 3 + H 2 O (I) lowering the selectivity of benzaldehyde. Among the by-products detected, toluene is formed in substantial amount and hence it was necessary to understand the mechanism of its formation. Toluene has been reported to be formed by the disproportionation of benzyl alcohol [eqn (I)].
17,18
Benzaldehyde is formed by the oxidative dehydrogenation of benzyl alcohol [eqn (II)] and further oxidation of benzaldehyde results in benzoic acid. Previous kinetics studies, on the mechanism of these two reactions, have revealed that the adsorbed state for the disproportionation reaction is different from that of the oxidative dehydrogenation. 18 In situ spectroscopic methods are the best tools to characterize these adsorbed species over the catalyst surface. [19] [20] [21] However, for the current system, this could not be done earlier because benzaldehyde is formed by both disproportionation and oxidative dehydrogenation. It is difficult to distinguish between these two sources of benzaldehyde. Recently, we reported a method to quantitatively differentiate (a) oxidative dehydrogenation and (b) disproportionation reactions when both reactions are active in the same pot. 22 As a part of the study, we found that gold-palladium nanoparticles supported on basic oxides, like ZnO and MgO, switch-off the disproportionation completely. 22 The extent of the oxidation reaction does not change with the change in support and hence, the active site for the oxidation reaction appears to be the metallic sites. However, the extent of the disproportionation is highly dependent on the support and the active site for the disproportionation reaction seems to be the metal-support interface. 22 Possible molecular mechanisms for the disproportionation process were proposed (Scheme 1), key features of which were the modes of interaction of benzyl alcohol molecules with the catalyst/support surfaces (chemisorption on the metal through C-H or O-H bond cleavage; binding to the support involving hydrogen bonding) and the concerted nature of the bonding changes during reaction. 18 For oxidative dehydrogenation, analogous mechanisms can be drawn to show the reaction of bound oxygen species with benzyl alcohol attached to the metal surface either through its benzylic C or O atom. 18 These recent developments have helped us to design experiments, not possible before, where we could perform these two reactions separately, without interference from the other reaction. For example, oxidative dehydrogenation of benzyl alcohol could be performed exclusively by using ZnO or MgO supported goldpalladium catalysts under an oxygen atmosphere. Disproportionation of benzyl alcohol could be performed exclusively using TiO 2 or C supported gold-palladium catalysts under anaerobic conditions. When TiO 2 or C supported catalysts are used under oxygen atmosphere, benzyl alcohol undergoes oxidative dehydrogenation and disproportionation in parallel.
In situ Attenuated Total Reflection Infra-Red (ATR-IR) spectroscopy has received considerable attention as a tool for process monitoring under reaction conditions. [23] [24] [25] The composition of a reaction mixture is probed by an internal reflection element (ATR sentinel). Molecules in the proximity of the sentinel's surface interact with the evanescent IR wave ranging a few mm into the probed medium resulting in molecule specific IR absorption. H both of these are large but they are small for all other elements present in this work; consequently the scattered intensity is dominated by hydrogen motion. We have carried out in situ spectroscopic studies over supported goldpalladium catalysts using these three techniques and in this paper we report our findings. Though many attempts have been made to study the mechanism of the benzyl alcohol oxidative dehydrogenation, no attempt has been made to study this disproportionation reaction. To the best of our knowledge, the unique combination of in situ ATR-IR, in situ DRIFT and INS techniques has never been attempted before.
Experimental

Materials
Benzyl alcohol (Aldrich, anhydrous >99%), TiO 2 (P25 Evonik), ZnO (Sigma Aldrich), MgO (BDH), Activated C (Darcor G60, 
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Sigma Aldrich), HAuCl 4 (Sigma Aldrich) and PdCl 2 (Johnson Matthey) were used without further purification. Supported gold-palladium catalysts were prepared by a sol immobilization method and the detailed procedure for preparing these catalysts is reported elsewhere. 18, 22 These catalysts were used without any further modifications.
In situ ATR-IR spectroscopy
In situ ATR-IR monitoring of the reactions was conducted in a 40 mL Parr stainless steel autoclave reactor equipped with a Mettler Toledo ReactIR 45m ATR-IR instrument using a diamond sentinel and a HgCdTe detector at À196 1C in the spectral range of 4000-650 cm À1 . 33, 34 The reaction temperature was monitored and maintained using a thermocouple fitted into the reactor and connected to the controller. 
DRIFT spectroscopy
DRIFT spectroscopy studies were performed using a Bruker Tensor 27 spectrometer fitted with a HgCdTe (MCT) detector and a Harrick Praying Mantis HVC-DRP-4 cell equipped with ZnSe windows. Samples were mixed with benzyl alcohol and added to the cell. An alternative method of adding benzyl alcohol was the use of an in-line saturator heated to 150 1C.
After an initial scan at room temperature the sample was heated to 280 1C at 1 1C min À1 under an atmosphere of flowing N 2 20 ml min À1 or O 2 20 ml min À1 (flows regulated by Bronkhorst mass flow meters). Spectra were run in the range of 4000-600 cm À1 , with 64 accumulation scans, every 10 1C.
Difference spectra were used with catalysts prior to the addition of benzyl alcohol being used as the background. This removed interference from bands associated with PVA used as a stabilizing agent in catalyst preparation. Therefore, all the spectra observed were from that of adsorbed species on the catalyst surface.
Inelastic neutron scattering (INS) spectroscopy
INS spectra were recorded with the MAPS spectrometer at ISIS; the instrument is described in detail elsewhere. 32 In brief, a single energy, E i , is selected from the incident, pulsed polychromatic beam by a Fermi chopper; after scattering from the sample, the scattered neutrons are detected by a large area (B16 m 2 ) of 3 He detectors. For these measurements MAPS was run with the high resolution slit package (B1.5% E i ) in the Fermi chopper. Incident energies of 4033 cm À1 (600 meV), 2017 cm À1 (250 meV) and 484 cm À1 (60 meV) were used to record the O-H/C-H stretch region, the fingerprint region and the region where framework motions (torsions, C-C-C bend) occur. The catalyst (8 g) was placed inside Conflat sealed, flow through Inconel cans between quartz wool. 35 Then the inlet line of the can was connected with gas (He) and left for period of 12 h at a temperature of 120 1C to remove any absorbed species. Benzyl alcohol vapour was dosed onto the surface of the catalyst at room temperature (25 1C) for a period of 12 h. The system for dosing benzyl alcohol consists of a He line going through a heated benzyl alcohol (150 1C) reservoir and MAPS sample cell kept at 25 1C. The cans were then loaded into a closed cycle refrigerator in MAPS, cooled to oÀ253 1C and the spectra recorded for 6-8 h at each of the three incident energies. All species chemisorbed species or strongly adsorbed on to the solid catalyst surface are characterized by this technique.
Results and discussion
In situ ATR-IR spectroscopy
The transformations of benzyl alcohol over 1%AuPd/TiO 2 , 1%AuPd/MgO and 1%AuPd/C catalysts were monitored using in situ ATR-IR reactor under both aerobic and anaerobic conditions to study (a) disproportionation (b) oxidative dehydrogenation reactions. In situ ATR-IR spectroscopic investigation, using the ATR-IR probe fitted in a stirred autoclave reactor, yields mostly information about the liquid phase composition and intermediates during the course of the reaction. Vibrational bands corresponding to toluene are largely masked by both benzyl alcohol and benzaldehyde bands and hence it was not possible to observe toluene using this in situ ATR-IR spectroscopic method. 23, 24 However, GC and GC-MS studies of the reaction mixtures, reported earlier, clearly indicate the formation of toluene. 18, 36, 37 In this article the discussion is limited to non-overlapping bands and their corresponding components such as benzyl alcohol and benzaldehyde only. For 1%AuPd/TiO 2 , under anaerobic conditions, disproportionation of benzyl alcohol is partially observed because of the bands around 1703 cm
À1
, corresponding to benzaldehyde ( Fig. 1a and b 
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attributed to the formation of either hemiacetal or acetal from benzaldehyde and benzyl alcohol over gold-palladium supported on an acidic support like TiO 2 , however, their presence in the reaction mixture could not be verified by either GC or GC-MS. 22, 36 The consumption of benzaldehyde by decarbonylation to form benzene could not be ruled out; the strong absorption expected for CO could not be detected by the current instrument because of the strong absorption of the diamond sentinel in the characteristic CO stretching vibration region (1850-2150 cm À1 ). For the same catalyst, under aerobic conditions, (Fig. 1c and d) , a substantial increase of the n(CQO) band of benzaldehyde at 1703 cm À1 and another band at 828 cm
À1
was observed. Furthermore, C-H stretching vibrations of the aldehyde group located at 2818, 2736, 2697 cm À1 gain in intensity. Corresponding decrease in the area of benzyl alcohol (1016 cm À1 and 1039 cm À1 ) was also observed (Fig. 2) . Water formation results in increase of a band at 3650 cm À1 . The rate of increase in benzaldehyde band or decrease in the benzyl alcohol band, under aerobic condition, is substantially higher than that under anaerobic conditions. From previous studies it has been proven that under anaerobic conditions, the only pathway for benzyl alcohol consumption and benzaldehyde formation is disproportionation whereas under anaerobic conditions, benzaldehyde is formed by both disproportionation and oxidative dehydrogenation. However, with the present set of data, we could not distinguish between these two pathways. For AuPd/MgO supported catalyst, a remarkable feature at 3697 cm À1 showed up under both anaerobic and aerobic conditions ( Fig. 1e and g ). This is the n(OH MgO ) band from the catalyst support. This assignment of the hydroxyl band is confirmed by the FT-IR measurement of the fresh 1%AuPd/ MgO catalyst that has a sharp band exactly at 3700 cm À1 (Fig. S1 , ESI †). However, no other bands attributable to species adsorbed on the MgO support could be assigned. Under anaerobic conditions, there is no increase in the formation of the benzaldehyde after a few minutes of the start of the reaction. This initial formation has been attributed to the oxidative dehydrogenation because of the adsorbed oxygen on the catalyst surface which has been proven earlier in a study using a micro packed bed reactor. This further substantiates the fact that benzyl alcohol does not undergo any transformation over 1%AuPd/MgO catalyst in the absence of atmospheric oxygen. However, under aerobic condition, there is a steady increase in benzaldehyde concentration and a corresponding decrease in the benzyl alcohol concentration, but at a much lower rate compared to 1%AuPd/TiO 2 . This is because the only reaction that is active under these conditions is oxidative dehydrogenation whereas in the case of 1%AuPd/TiO 2 both oxidative dehydrogenation and disproportionation reactions are active. Finally, reactions of benzyl alcohol, over 1%AuPd/C catalyst, were studied under aerobic and anaerobic conditions and results are presented in Fig. 1 (i, j for anaerobic condition, k, l for aerobic conditions). Under anaerobic conditions, in contrast to 1%AuPd/TiO 2 , there is a steady increase in the concentration of benzaldehyde with a corresponding decrease in the benzyl alcohol concentration. This is in line with the GC observation that benzyl alcohol undergoes disproportionation under these conditions. 37 Under aerobic conditions, using the same catalyst, benzaldehyde is formed at a much higher rate (Fig. 2) . From these in situ ATR-IR spectroscopic studies, the rate of formation of benzaldehyde obeys the following trend; 1%AuPd/C (aerobic) > 1%AuPd/TiO 2 (aerobic) > 1%AuPd/MgO (aerobic) > 1%AuPd/C (anaerobic) > 1%AuPd/TiO 2 (anaerobic) = 1%AuPd/MgO (anaerobic). Except the 1%AuPd/TiO 2 (anaerobic) reaction, this trend follows the GC based activity trend. 37 
DRIFT spectroscopy
In order to investigate the surface species, that can cast light on the reaction mechanism, DRIFT spectroscopic studies were performed on 1%AuPd/TiO 2 and 1%AuPd/ZnO catalysts dosed with small quantities of benzyl alcohol. All standards and bands observed are shown in Table 1 with spectra shown in the ESI † (S2). Initial room temperature spectra collected from experiments performed under an inert atmosphere, for both catalysts, showed bands associated with benzyl alcohol and also a carbonyl band centred at 1702 cm À1 , which is indicative of benzaldehyde. The presence of benzaldehyde was also noted at the start of the reaction in the ATR-IR experiments under anaerobic conditions. As previously stated, no disproportionation reaction occurs on basic 1%AuPd/ZnO catalysts, but residual surface absorbed oxygen species on the catalyst surface result in some oxidation of benzyl alcohol at the start of the reaction. As observed in the ATR studies and previous studies in batch reactors, total removal of oxygen is difficult and limited oxidation occurs at the start of reactions. It is important to note, however, that total removal of oxygen from the 1%AuPd/ZnO catalyst surface within a micro reactor set-up has previously shown that no benzyl alcohol oxidation occurs under anaerobic conditions. 36 As oxygen was present even when using inert gas flows in the cell, no important information could be elucidated from changing from inert to oxygen-containing atmospheres (spectra from experiments performed under oxygen containing atmospheres are shown in the ESI † (Fig. S2) ).
Heating of the benzyl alcohol dosed catalysts under a flow of inert gas resulted in desorption of the benzaldehyde and benzyl alcohol by 180 1C. It is important to note the presence of bands associated with irreversibly adsorbed species for both 1%AuPd/ TiO 2 and 1%AuPd/ZnO catalyst after heating samples to 280 1C (Fig. 3) ]. However, it is noted that weak adsorption through the carbonyl O-atom is less likely for species still bound to the surface at 280 1C. This ambiguity in interpretation and the fact that product species are being observed means that their structure cannot be used to infer how dissociative chemisorption of benzyl alcohol occurs on the different catalysts. The proposed interaction of the metal with the carbon of the carbonyl functional group seen in the 1%AuPd/TiO 2 catalyst might suggest that benzyl alcohol was chemisorbed by cleavage of a benzylic C-H bond and not the O-H bond. The reverse is true if the carbonyl oxygen of the product is attached to the metal surface and this is indicative of its precursor surface species. Both modes of interaction have been previously suggested as possible surface species. 19 As the 1654 cm À1 signal was observed only for the 1%AuPd/TiO 2 catalyst, which facilitates the disproportionation reaction, it suggests the importance of this chemisorbed species in the disproportionation reaction. This is re-enforced by the total absence of the 1655 cm À1 band in the basic ZnO supported catalyst which does not bring about disproportionation.
Inelastic neutron scattering spectroscopy Fig. 4 and 5 show the adsorption and reaction of benzyl alcohol on 1%AuPd/TiO 2 and 1%AuPd/ZnO catalyst in the C-H stretch region and Fig. 6 and 7 the corresponding spectra in the fingerprint region. Reference spectra of pure benzyl alcohol, benzaldehyde and toluene in the same regions are shown in View Article Online the ESI † ( Fig. S3 and S4 ). It can be seen that for both supports under the conditions used here, there is no adsorption of benzyl alcohol on the bare support, Fig. 4a , 5a, 6a, and 7a; the observed features are all assigned to species on the AuPd nanoparticles. The generally weak intensities observed are consistent with the low metal loading employed. Overlaying the spectra of pure benzyl alcohol and that adsorbed on 1%AuPd/TiO 2 , Fig. 8 , shows that the profile is unchanged apart from an additional weak, broad feature at B3210 cm À1 , suggesting interaction is between the metal and the alcoholic oxygen. Curve fitting the C-H stretch region of pure benzyl alcohol, Fig. S3a (ESI †), shows that the ratio of the areas of the CH 2 , aromatic C-H and O-H stretch modes is 1.9 : 6.6 : 1, close to the expected 30,32 ratio of 2 : 5 : 1. For benzyl alcohol adsorbed on 1%AuPd/TiO 2 , after allowance for the 3210 cm À1 band, the ratio is: 1.6 : 6 : 1, which given the modest signal-to-noise ratio, indicates that the molecule adsorbs intact, suggesting that the C-M and O-M species in Scheme 1 are transition states rather than intermediates. There is a small shift in the O-H stretch transition energy from 3184 down to 3172 cm À1 which would be consistent with benzyl alcohol hydrogen bonding to the neighbouring benzyl alcohol molecule. Possible assignments for the 3210 cm À1 band are to water or hydroxyls that are formed while dosing the sample at 150 1C (a temperature that is required to prevent physisorption of the benzyl alcohol on the sample). In the case of benzyl alcohol on AuPd/ZnO, the quantity of benzyl alcohol we were able to adsorb was much smaller and the signalto-noise ratio is much poorer; however, the profile matches that of pure benzyl alcohol, again indicating that the adsorption is molecular. In this case, the 3210 cm À1 band was absent.
On heating under anaerobic conditions the difference in behaviour of the two catalysts is readily apparent, in both the C-H stretch and fingerprint regions (Fig. 4d, 5d , 6d, and 7d). For the TiO 2 supported catalyst, the spectral profiles in both regions change significantly. In particular, the modes at B1230 and 1460 cm À1 , which are associated with the methylene and hydroxyl functionalities, weaken dramatically as does the signal at 2900 cm À1 assigned to the symmetric CH 2 stretch; a new signal appears at 1620 cm À1 .
Comparison with the reference spectra shows that the changes are consistent with the loss of benzyl alcohol and formation of a mixture of toluene and benzaldehyde, although the loss of methylene signals might also be argued as suggestive of chemisorption of benzyl alcohol by benzylic C-H cleavage as well as benzaldehyde via its carbonyl oxygen. For the ZnO supported material, the profiles do not change greatly, indicating that the only effect is to remove some of the adsorbate. Heating the 1%AuPd/ZnO in oxygen resulted in reaction of the benzyl alcohol and desorption of most of the products. The very weak remnant is clearly aromatic and probably a mixture of toluene and benzaldehyde. In contrast to 1%AuPd/ZnO, where all of the reactions could be carried out on the same sample, it was necessary to prepare a separate sample for 1%AuPd/TiO 2 since reaction occurs under anaerobic conditions. Benzyl alcohol was adsorbed on the catalyst; however, treatment with oxygen did not result in any change in the spectrum.
Concluding comments
It was found that benzyl alcohol undergoes competitive oxidative dehydrogenation, giving benzaldehyde, and disproportionation, to yield equimolar benzaldehyde and toluene, when treated with oxygen over an AuPd nanoparticulate catalyst supported on titania or carbon, but only oxidative dehydrogenation when the catalyst is supported on MgO or ZnO.
In situ spectroscopic examination of reaction mixtures have been undertaken in an attempt to identify intermediates and surface-bound species that would throw light on the mechanisms involved. ATR-IR examination yielded signals attributable only to species in the liquid phase and, under an oxygen atmosphere, these confirmed the support-dependent differences in behaviour of the catalysts, observed previously by conventional catalytic studies. In reactions catalysed by 1%AuPd/TiO 2 under argon, however, the ATR signals attributed to benzaldehyde decreased with time at the reaction temperature (120 1C) with a corresponding increase in the signal used as a measure of the benzyl alcohol remaining in the system. This deviation from expectation did not occur when 1%AuPd/C or 1%AuPd/ MgO were the catalysts. A number of possible explanations of this paradoxical behaviour have been considered, the favoured one being the analytical complication introduced by the equilibrium formation of the benzyl hemiacetal or more probably acetal of benzaldehyde on the relationship between signal intensity and concentration of benzaldehyde and benzyl alcohol. A DRIFTS investigation of the same reaction systems revealed only one signal that distinguished the behaviour of the acidic (TiO 2 ) and basic (ZnO) supports. Using 1%AuPd/TiO 2 a carbonyl signal was observed at the unusually low frequency of 1655 cm À1 . It has not proved possible to determine whether this arises from attachment of the carbonyl moiety to the metal through its carbonyl carbon or its carbonyl oxygen atom and thus it has not proved possible to discriminate between previously proposed modes of chemisorption of benzyl alcohol on the metal surface and hence on mechanisms for oxidative dehydrogenation. Inelastic neutron scattering has thrown somewhat greater light on the processes occurring at the catalyst surface. Benzyl alcohol appears to adsorb intact on the metal surface; a weak additional signal at 3210 cm
À1
remains unassigned. It is clear, that the initial interaction of benzyl alcohol with the metal catalyst is not by benzylic C-H cleavage, although this process could be involved subsequently, giving a transient surface species that is undetectable by the present technique. We have not found any direct spectroscopic evidence for the species shown in Scheme 1 for disproportionation; those mechanistic depictions remain merely rationalisations of the organic transformations that are helpful in understanding the results from earlier isotopic labelling experiments. It is clear that even using a range of in situ vibrational spectroscopies it has proved to be difficult to unravel some of the subtle details in this fascinating reaction and those techniques using shorter timescales for observation of reaction species need to be considered. SCARF computer used to perform the CASTEP calculations) was provided by STFC's e-Science facility. MS thanks the European Research Council (ERC) for awarding a Marie Curie Fellowship View Article Online
